The dynamics of our Universe is strongly influenced by pervasivealbeit elusive-dark matter, with a total mass about five times the mass of all the baryons 1, 2 . Despite this, its origin and composition remain a mystery. All evidence for dark matter relies on its gravitational pull on baryons, and thus such evidence does not require any non-gravitational coupling between baryons and dark matter. Nonetheless, some small coupling would explain the comparable cosmic abundances of dark matter and baryons 3 , as well as solving structure-formation puzzles in the pure cold-darkmatter models 4 . A vast array of observations has been unable to find conclusive evidence for any non-gravitational interactions of baryons with dark matter [5] [6] [7] [8] [9] . Recent observations by the EDGES collaboration, however, suggest that during the cosmic dawn, roughly 200 million years after the Big Bang, the baryonic temperature was half of its expected value 10 . This observation is difficult to reconcile with the standard cosmological model but could be explained if baryons are cooled down by interactions with dark matter, as expected if their interaction rate grows steeply at low velocities
, we conclude that not all DM can be evacuated from the disk, and thus, mini-charged particles with charges larger than / × χ − − ε m 5 10 MeV 16 1 are precluded from being the entirety of the cosmological DM. Throughout this paper, we define the DM mini-charge ε in units of the electron charge e, so ≡ / χ ε e e, where e χ is the DM charge. A comparable constraint can be obtained from studying galaxy clusters, which we detail in the Methods section. We note that, even though the precise numerical value of these limits on ε/m χ can be altered by different assumptions, the charge required for DM to cool the baryons would be orders of magnitude larger.
These constraints would not apply if only a fraction of the DM is charged, as most of the DM would behave as expected. Given that the local DM measurements are accurate to within tens of per cent, we will focus on the possibility that the mini-charged particles constitute a small fraction f dm ≤ 0.1 of the DM, while the rest of it is neutral. This can be naturally achieved if DM forms 'dark atoms' , with a small charged-DM fraction remaining free after its recombination 19 , although we will posit no assumptions about the origin of the minicharged particles. The momentum-transfer cross-section between a mini-charged particle and a target t (electron or proton) is where μ χ,t is the reduced mass of the target and DM, v is the relative velocity between the two particles, α is the fine-structure constant, c the speed of light, ħ the reduced Planck constant and ξ the Debye logarithm 7 , which we compute in the Methods section. The velocity behaviour of this cross-section is that of Rutherford scattering, growing as the DM-baryon fluid becomes slower and, by extension, colder.
The relative velocity between the DM and baryons is not determined by their thermal motion alone. The gravitational infall of baryons is impeded until hydrogen recombination occurs, whereas the DM streams freely, causing a velocity difference between them 21 . Interactions between DM and baryons cause a drag on this velocity 22 , which eventually leads to mechanical equilibrium of the two fluids, dissipating the velocity into thermal energy. Additionally, interactions between DM and baryons will tend to bring the two fluids into thermal equilibrium, equating their temperatures. Given that the DM is very cold, this can severely lower the baryon temperature. To reduce the baryonic temperature substantially (as is required to explain the EDGES data 10 ) with DM-baryon interactions, equipartition demands the existence of at least as many mini-charged particles as baryons, which translates into a DM mass
, where μ p is the mean molecular weight of baryons, and Ω c and Ω b are the cosmic abundances of DM and baryons, respectively. Thus, for each value of f dm we will study only the mass range m χ ≤ 6.2 GeV × f dm .
We solve for the thermodynamical evolution of the DM and baryonic fluids simultaneously, accounting for their relative velocity, as well as the small free-electron fraction left after recombination 22, 23 (see Methods section for details). This yields the baryonic temperature 
. To remove dependencies on the astrophysics of the coupling between the spin and kinetic temperatures, we define the average baryonic temperature as
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where the probability distribution function of the initial velocity, P v ( ), is given by a Maxwell-Boltzmann distribution with root mean square (r.m.s.) velocity v rms = 29 km s −1 at decoupling 21 . Figure 1 shows, for different values of f dm , the lines in the ε−m χ plane that would produce enough baryonic cooling to explain the EDGES measurement 10 . Given f dm , the required mini-charge scales as ε ∝ m χ . There is, however, no simple analytic solution for the slope of this line as a function of f dm , since for small energy transfers we expect the baryon heating to be ∝ / χ ε Q f m b dm 2 2 , whereas for large energy transfers (and assuming
. We have empirically found that is sufficient to reduce the baryonic temperature by a factor of 2, although we emphasize that the 21-cm results in Fig. 1 have been calculated numerically for each value of f dm . Next, we summarize the relevant constraints on mini-charged DM. Minicharged-particle production during the supernova 1987A would have altered its neutrino luminosity 24, 25 , thus constraining the range 10 −7 < ε < 10
, which we label SN1987A in Fig. 1 . A search for minicharged particles at SLAC National Accelerator Laboratory 26 placed constraints on mini-charges larger than ε ≈ 10 −4 for m χ < 100 MeV. We show this constraint in Fig. 1 labelled as SLAC mQ. Measurements of the matter power spectrum, from the CMB and the Lyman-α forest, can only constrain mini-charged particles if they compose a major part of the DM 7 . Otherwise, even particles with mini-charges
, which would be in thermal contact with baryons at the CMB epoch, are allowed to compose up to 1% of the DM 27 . This constraint, nonetheless, closes the apparent gap for χ m 200 MeV in Fig. 1 , as, above this threshold, the 21-cm data would require more than 1% of the DM to have a charge.Thus, we will focus on the , which encompasses the region of interest, would reach equilibrium with the visible sector in the early Universe. This places limits on mini-charged particles lighter than electrons, since they would appear as additional light degrees of freedom (parametrized as a change in the effective number N eff of neutrino species) during Big Bang nucleosynthesis (BBN) 28 . We label the constrained region in Fig. 1 as BBN. Moreover, if a dark photon is the origin of the mini-charge, it can also alter BBN and the CMB through the same mechanism 29 . We estimate this constraint in the Methods section, and label it as N eff in Fig. 1 . In the standard freeze-out scenario, the DM production is halted when the baryonic temperature drops below its mass, and its annihilation rate determines the relic abundance left in the dark sector. We compute the mini-charge required to produce the appropriate DM abundance and plot it as the dashed line in Fig. 1 . It is clear thatbarring a small region for m χ of a few MeV, and − ε 10 6 -most of the parameter space that we are considering is below this thermal-relic line, thus requiring new interactions to allow the DM to annihilate efficiently. We leave this challenge for future model building of the needed dark sector.
Let us now study how a change in baryonic temperature translates into an observable 21-cm brightness temperature. The 21-cm temperature is inversely proportional to the gas temperature during the cosmic dawn, and shown in Fig. 2 for a specific choice of ε/m χ and f dm . The EDGES data 10 is in tension with the maximum absorption possible in the standard model, whereas this tension is resolved when introducing mini-charged DM particles. Thus, we conclude that a subpercent fraction of the DM with an electric charge e χ ≈ 10 −6 e and mass about 1-60 MeV can cool the baryons considerably, while being consistent with all current constraints. This scenario predicts new inhomogeneities in the baryon temperature, since the DM-baryon relative velocity, with fluctuations over Mpc scales 21 , modulates the overall cooling/ heating, thus forming a source of additional 21-cm fluctuations 22 . We can estimate the size of these fluctuations by finding the root-meansquared 21-cm brightness temperature, as a function of the DMbaryon velocity. Figure 2 shows that the same interactions that cause baryonic cooling also lead to additional 21-cm fluctuations at the level of a few per cent. These are comparable to the Mpc-scale adiabatic fluctuations at z ≈ 17, and are potentially detectable with upcoming 21-cm interferometers, such as HERA 30 . Their detection would confirm that DM and baryons were in thermal contact during the cosmic dawn, and would thus constitute an indication of DM physics beyond the standard model.
Online content
Any Methods, including any statements of data availability and Nature Research reporting summaries, along with any additional references and Source Data files, are available in the online version of the paper at https://doi.org/10.1038/s41586-018-0151-x. (from black to red) represents the mini-charge required to reduce the baryonic temperature by a factor of two, as reported by EDGES 10 , if a fraction f dm of the DM is mini-charged. We require m χ ≤ 6.2 GeV × f dm to produce enough cooling (with lines ending abruptly at that mass), and f dm < 10 −1 , as larger values are ruled out by other observations. The coloured hatched regions are excluded by different datasets, and the green long-dashed line represents the mini-charge required to obtain the appropriate DM abundance. 
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Methods
Cluster constraints. Additional constraints on mini-charged particles can be achieved by requiring that the DM must not be trapped in regions of coherent magnetic field within galaxy clusters 31 , which have a typical correlation lengths r corr of the order of 10 kpc and field strengths B ≈ 5 μG. This means that charged particles with charges larger than / × χ − − ε m 3 10 MeV 17 1 would not be distributed as cold DM but instead clump wherever magnetic fields are coherent. Additional constraints can be derived, through plasma effects in cluster collisions, such as the bullet cluster 32 , as well as by requiring the mini-charged particles not to diffuse within clusters 33 , although simulations would be required to isolate these effects from nonlinear gravity. Debye logarithm. Here, and throughout the Methods section, we work in natural units, where ħ = c = 1, and also set the Boltzmann constant to unity. In the main text we defined the Debye logarithm, ξ, which regulates the forward divergence of the momentum-transfer integral 20 . This factor is roughly constant during the era of interest, so we will set it to where T χ is the mini-charged-DM temperature. By comparing this sound speed with the relative velocity, we see that in the standard case of T χ = 0, immediately after recombination (and before the X-ray heating of the baryons), the baryonic sound speed falls below the DM-baryon relative velocity, making the DM-proton fluid (albeit not the DM-electron fluid) 'supersonic' . In addition to damping the DM-baryon relative velocity, these interactions give rise to a baryonic heating where f He ≡ n He /n H ≈ 0.08. Here, we have included DM interactions with both protons and electrons, as the latter can dominate if the DM fluid is not cold. The DM heating can be found by symmetry, through the transformations n χ → n H , m χ ↔ m t and T χ ↔ T b . This heating can be positive or negative depending on r t , as for r t → 0 (corresponding to χ v u t , t h,t ) only the temperature-dependent term survives, corresponding to the usual thermalization 34 ; whereas for r 1 t (which implies χ v u b , t h,t ), the heating term proportional to F(r t ) dominates, converting the mechanical energy of the relative velocity into heat for both fluids. Dark-matter sound speed. For illustration purposes, we note that transfering half of the baryonic thermal energy to the DM at z = z central would induce a DM sound-speed ofμ , this gives the mini-charged component of the DM a sound speed larger than that of protons, thus setting the value of u th,p in equation (7). Moreover, we estimate that for − f 10 dm 2 the DM-electron interactions will dominate over the DM-proton ones, owing to this velocity. This would, however, suppress the matter power spectrum only on extremely small scales and for a minority of the DM. Thermal evolution. With the heat and drag terms from equations (5) and (8), we can calculate the thermal evolution of the DM and baryon fluids as
where H is the Hubble parameter at time t, C is the recombination factor [35] [36] [37] , E 0 is the ground-level energy of hydrogen, and A B and B B are the effective case B recombination/reionization coefficients 23 . We have ignored photoheating and recombination cooling, as well as possible baryonic heating due to DM annihilations, if these were present 38 . Here T γ is the temperature of the CMB photons, and the Compton thermalization rate is He where σ T is the Thomson cross-section, and a r is the Stefan-Boltzmann constant 36, 39 . Stellar production. If the mini-charged particles were lighter than about 100 keV, they could be produced in stars, such as white dwarfs and red giants, cooling these objects too rapidly 24 . This tightly constrains their charge, although given that BBN already rules out masses above that limit we do not show these constraints in Fig. 1 . N eff constraint. We can estimate for what value of the mini-charge dark photons would be produced, by requiring that the timescale for two mini-charged particles to annihilate into dark photons is longer than the Hubble time. For minicharged particles in thermal equilibrium with standard-model particles in the early Universe, their rate of annihilation into dark photons is 3 4 where g′ is the coupling constant between χ and γ′. By requiring this rate to be smaller than ≈ / γ H T M 2 pl , where M pl is the reduced Planck mass, we can obtain a constraint on g′, so that DM does not annihilate to dark photons before T γ = m χ . Because the DM mini-charge is the product of the dark-photon mixing κ and the dark coupling g′, and we require κ < 1, this translates into a constraint
for m χ ≤ Λ QCD ≈ 200 MeV, where Λ QCD is the quantum chromodynamics scale, which we label as N eff in Fig. 1 . Annihilations of χ particles into γγ′, or Comptonlike processes (χγ → χγ′) would be suppressed by a κ 2 factor, and at most change the constraint by a O(1) factor. Notice that, even for κ ≈ 1, if the dark photon is massless we can define the photon to be the linear combination of bosons that couples to our sector, in which case only mini-charged particles would interact with baryons. Here we have assumed that χ is a spin-1/2 particle, and we note that this constraint can, of course, be tightened if κ 1, and can extend to DM masses as high as 1 GeV (ref. 29 ). We note, however, that even though dark photons are a possible way to obtain mini-charged particles 40 , they might not be necessary 41 , which would render these constraints invalid. Thermal-relic mini-charge. To compute the mini-charge required to produce the right DM abundance, we use the approximate formula We will ignore any dark-sector interactions and for simplicity consider only annihilation into electron-positron pairs. To obtain a simple estimate, we further approximate x f to be a constant, as it only depends logarithmically on the DM mass and charge, and find the region of the ϵ−m χ plane that produces the right DM relic abundance. In the thermal-relic calculation we have assumed f dm = 1, although of course to obtain a small fraction of DM with mini-charges, the rest of it would have to form dark atoms, or otherwise have a larger mini-charge.
